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NOTICES

When Government drawings, specifications, or other data are used for any purpose other
than in connection with a definitely related Government procurement operation, the United States
Government thereby incurs no responsibility nor any obligation whatsoever; and the fact that the
Government may have formulated, furnished, or in any way supplied the said drawings, specifica-
tions, or other data, is not to be regarded by implication or otherwise as in any manner licensing
the holder or any other person or corporation, or conveying any rights or permission to manu-
facture, use, or sell any patented invention that may in any way be related thereto.

The information furnished herewith is made available for study upon the understanding
that the Government’s proprietary interests in and relating thereto shall not be impaired. It is de-
sited that the Judge Advocate (WCJ), Wright Air Development Center, Wright-Patterson Air
Force Base, Ohio, be promptly notified of any apparent conflict between the Government’s pro-
prietary interests and those of others.
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ABSTRACT

Newly develope&ngripe and machine ements are desgribed
for fatigue loading er direct stress (tension-compressi ratios

of alternating to mean stress from zero to infinity. Data are presented
to indicate the uniformity of stress distribution possible with

these grips and accuracy of the ave: stress. Dynamic cre

rupture ond ductility date are repoﬁ?f& on §-155, S-590 and ¥itallium
at 1350°and 1500° F. under direct stress combinations from static

to reversed loading. Stress range diagrams (alternating stress versus
mean stress) are presented to indicate the stress combination

vhich will produce rupture and various degrees of creep in 5 to 1500
hours. Per cent elongation data are analyzed in terms of alternating-
to-mean stress ratio and stress magnitude, and it is shown that

both are significant varisbles. Elongation up to the start of third stage
of creep is also analyzed in terms of stress ratio and stress magnitude
and only stress magnitude was found to be significant. The

implications of these findings are discussed.
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I. INTRODUCIION

Present day developments in new and improved devices operating at
increasingly higher temperature have imposed challenging problems on both
the metallurgist and machine designer. One of these problems is the eval-
uation and interpretation of the mechanical prcperties of materials at
elevated temperatures, particularly under cyclic stress. As more data on
service failures of parts exposed to elevated temperatures are accumulated
and analyses undertaken (1), the increasing importance of cyclic stress as
a cause for service failure becomes apparent.

The work reported in *his paper represents a continuation and ex-
tension of earlier research (2) by one of the authors on the effect of
various combinations of static and alternating direct stress on the creep,
rupture, elongation and other properties of temperature-resistant materials

at high temperature. In the earlier work, fatigue stress in the tension
only was investigated, whereas in this program the stress ratios A% in the
range from zero (static test) to infinity (reversed stress fatigue test)
are studied.

Prior work in the field of dynamic creep and rupture of materials
at elevated temperature is reviewed in reference (2). Current work in this

field is described in reference (3).

#5tress Ratio A is the ratio of the alternating stress component to the mean
stress (static or preload component) during the stress cycle (see reference (2))e

II.TESTING E UIPHENT

The testing macnines and measuring equipment used in this program are
tze same as described in reference (2) except for tne improvements and additions
degcrited below. Alternating force is inposed by a special centrifugal force
t7ze c3scillator and static preload is applied by calibrated springs and main-
tained constant uy an aatomatic follow up system. Creep is measured with a

special xicrometer aicroscope agseibly wnich utilizes stroboscopic light to
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"fix" for wmeasuring purposes the platinum tarrets attached to tle test spec=~
imens. A photograph of this dynamic creep and rupture m:chrine with the
furnace, creep measuring microscopes and an extra tension-compression fatigue
grip is snown in Fig, 1.

Several changes were made in the orierinal machine described in reference
(2) in order to increuse its capacity from + 1000 lbs alternating force to
+ 5000 1lbs capacity sc that fatigue testing under reversed stress would be
possible without reducing tlie size of the test specimens used in the earlier
work (2). The machine i's now designed so lhat alternsting force cages are
available for ¢ 1000 lbs, 4 2000 ibs, and & 5000 lbs capacity, and the preload
springs are available for 1000, 5000, and 10,000 1lb capacity. Since these
parts may be used interchangeably and in various combinations, the advantages
of a multi-range mechine are realized in thut medium capacity tests may be
performed and yet accuracy is retained at low capacity,

The original macrine was used for futigue testing in the tension runge
only and therefore utilized simple spherical head type of grips. It was there-
fore necessary to develop a new set of grips, described below, for fatipue

’

testing in both the tension and compression range.
A schematic diagram of the reversed stress grips is shown in Fig, 2,

The upper stationary platen K is the same us shown in Fieg., 1 and B is the

reciprocating platen attached to the centrifugal force®cage L, Two nuts,

K and L, threaded on edch end of test specimen S, are clamped between outer

tubes (a for the upper grip and D for the lower pgrip) and inﬁer tubes G.

The clamping orce is exerted by screws C which apply the locad through the

belleville springs H, The functions of springs H is to maintain reasonable

constant prelo-d force in the gripping nuts at all times, even;under differ-

ential expansion and other influences which may tend to affect tightness.

The upﬁer tube » is rigidly attached to the upper crosshead R being locked in

place between three screws Y at 120° spacing and three cap screws Z at

WADC TR 52-227 -2-




120° spacing but offset from screwsYby 60°. The lower outer tuve D is attached
to the reciprocating part B by a threaded ring F, which is removeable in order
to keep the lower end of the specimen erip assembly smaller than the inside
diameter o1 the furnuce for ease in setting up the test, All grip parts are
muade rigid to minimize stress non-uniformity in the test specimen, and yet have
relatively small cross-sectional area so as to minimize heat trursfer I'rom the
furnace M, which surrounds the specimen and inner parts of the grips, to the
remaining parts of the machine,

One advantare cf this type of grip is thut the specimen can be held
through r-latively simple threaded ends requiring only standard fits and
tolerances, Furthermo.e, the threuded end of the specimen and the holding
nuts K and L can be adequately preloaded by screws C so as to avoid excessive
motion, -and resultunt fretting and fretting corrosion in the threads and at
the joints, "Freezing'" of the thread is therefore reduced and ®moval of the
nuts from the specimen een after prolonged fatipue tests is usually accomplislied
with reasonable euse, Furthermbre, stiould the nuts strongly adhere to the
specimen threads, or should they gradually deteriorate during prolongred use,
only the relatively minor parts of the gips (the nuts) are involved and the
major parts of the grips are not affected,

The procedure used in setting up and aligning the specimen arm assembly
in the machine is as follows, The grip parts and specimen, assembled on a’
bench, are placed in horizontal centers so that the run-out of the grip-specimen
assembly may be determined, Screws C and adjusting screws W may then be
preferentially tightened to reduce the run-out as much as possible, always to
within a few thousandths of an inch, The assembly is then inserted downward
through the furnace, ring F is threaded onto the lower end of D, and the whole
assembly is rigidly locked to the lower head with the screws shown (top end
free), After the specimen, grip ussembly, and attached parts attain the

testing temperature and stabilize (the upper end of the grip aseembly being
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allowed to expand freely during this period) set-screws Y are carefully made

to contact the lower surface of the flange at the top of A, An electrical
contactor is used for thie operation to avoid imposing undesired initial stress
in the specimen, After the three set screws Y have been sccurately located (the
purpose of the spring st the bottom of these set-screws is to reduce the backlash
and facilitate accurats adjustment) cap screwe Z are tightened rigidly locking
the flange to the upper cross head BR. A torque wrench is used for this operation
si nce unequal tightening may induce bending stress., The set-up is now ready
for the test.

A special attachment shown as pert C in Fig. 1 was developed for locking
the vibrating system after the specimen breaks. This is particularly desiradle
for fetigue tests which enter the compression range so that the fragtwed portions
of the test specimen remain unbattered for subsequent fracture and metallﬁrglcal

examinations. The opercrtion of this vibration locking attachment may be under-
stood by r-ferring to Mg. 3. T is the top of the testing machine and R is the
reciproceting platen of the oscillator cage. Part F which is attached to R
contains an actustor for trigcer D and a locking hole which ie engaged by bolt C.
The trigeer D and bolt C are attached and guided by block B, which is bolted to
table top T The operating sequency of thie device 1s as follows:- after the
specimen breaks, the amplitude of vibration incresses and part F actuates trigeer
D which relerses bolt C which ig driven by espring £ to engagze lock F. The vi-
bration locking attachment effectively reatricts the vibrations and the fractured
surfaces of the specimens are retained in good ¢ondition. Fracture »nd metal-
lographic studies undertrken as part of this program are dircusres in reference

(1)

I11.8TRESS DISTRIBUTION STUDIES ARD CALIERATION

The production and maintenance of a uniform stress distribution in direct
stress fotigue specimens constitutes a most important work. Very small errors
in alignment in the specimen-grip asnembly,cuch as setting of the screws Y

0.001" too high, for example, may result in very serious extrareous bending stress.
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Keedless to say, the presence of extraneous bending stress may seriously
affect the reliability of the test Xlata. As 2 result of these observations
particular emphasis was placed in thies work on procuring and maintaining
uniform stress distribution in the test specimen.

The production of consistent and significant direct-stress frtigue
data reouires that bending stress be avoided during the following operations:

(2) Clamping of specimen-grip assembly in fatigue machine

(b) Application of preload

(¢) Avplication of alternating force.

The presence and magnitude of these types of undesired bending were
determined by direct messurement ;f strain on the tegt section as described
below.

Speciel calibration specimens were made identical in test section to
tyoe A specimens in Pig. 7 and six SR-4 wire resistance gages were attached
to it as shown in Mg, 4, Three sages, Ly "t' and R, were attached at the
uvpsr portion of the specimen test length at 120° angle as ehowﬁ. and three
were attached to the lower portion of the test section. Electrical connections
were made so that gages could be read indepmndently or eombined to give average
offacts. This set-up permits measurement of not only average stress but also
stress dietribution on both the top and bottom crose-section of the specimen.
The calibration specimen and grip assemdly is shown on the left side of the
testing machine victured in Fig. 1.

A similar ealidbration specimen, except with only one set of three
gages at the test section, was also made to study stress distridbutions in the
single fillet specimen tyne B in Fig. 6.

The output of the SR~ gages during clamping etatic preload increase
end ap~lication of alternatine force was measaured by an Ellis BA=1ll strain
analyrey used in conjunction with an oscilloscope. Brush AC-DC analyzer

recordings were also used, varticularly in studying clampinge stress. The

oscilloscope was also used t~ study wave form of the cyclic stress.
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The early unrefined version of the tension-compression grip was found
to produce considerable non-uniformity in stress distribﬁtion during clamping
as well as during the avvlication of alternsting stress. Flgure 5 shows~thls
stress non-uniformity during one c~alibration tsst on one of the first grip
set—=ups; the alternating stress distribution across and along the test section
varied as much as 25%. In this figure the alternating stress setting of the
machine, or the alternating stress desired in the specimen, is shown along the
right ordinate. The actual stresses existine at various points around the
periphery of the test sections are shown by the experimental pointe in this
figure, The gnge location LQ.MQ,and B,,refer to the left, middle, and right
goage respectively at the top of the test section as shown in Fig. L, whereas
LB’ and "B' and BB refer to the goges at the bottom of the test section. Since
these gages ore 120° apart, and since a cross-sectional plan remains a plane,
the curve shown joiming the three pointe is & sine wave, The implication of
such large variations in stress distridbution 4e apparent, the siress at some
points in the specimen being as much as 25% higher than desired.

Similar studiss were made on clamping stress, which was found to be
seriously large in unrefined grips.

As & result of stress distribution messursments of the typre discussed
sboye and harmonic indicztions by the cathode ray oscilloscope, several
corrective steps were taken to improve the grips. This led to the present
grip design and setting-up procedure descrided vreviously, in which the
clamping stress and the non-uniformity stress distribution across the test
section is generally within 44, Considerable calibration data were procured
with refined grips, but these are not shown in this condensed report.

Careful calibration was also undertaken of alternating force produced
by the machine, three different methods of analyses being uesed. Calibration

data determined by all three methods (two experimental and one thaoretical)
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fell within a + 3% scatter band, vhich accuracy is considered entirely adeauate

for fatigue work, Description of these calidbration methods is outside the

scope of this paper.
JV. DESIGN AND PREPARATION OF TEST SPECIMENS

The two different types of test specimens shown in Fig. 6 were used in
this project, the test section being 1/4 inch diameter in both cases. In
general, test specimen type A was used for stress ratios A of 0, 0.25, and
0,67 and type B specimen for ratios of 2.0 and infinity.

The stralght sectioned tyve A specimen was used for the lower stress
rotios so that mot only rupture and fatigue proverties could be determined,
but also t~ enable measurement nf dynamic creev. T-e single fillet type B
specimen was used at the higher stress ratios because:

{(a) At high etress ratios dynamic creesp becomes less important than
rupture and frtigue properties (2) and is not measured. Therefore,
the aimpler gingle-fillet specimen tyre B is adecuate.

{d) Under reversed stress the bending and buckling effects are likely
to be less merious in the stiffer type B specimen.

(c) At high levele of alternating stress the hysteresis damping (5) in
the materinle may internally heat the specimen serisusly, Other

factors being saual the larger the volume of metal at stress the
greater the internal heating, Consequently, specimen type B, with
i1%s small test volume ic less likely to be troublesome due to
internal heating. However, even in the type B specimen enough
internal heat was gensrated due to hysteresis damping to increase

the temperaturs of the specimen 150°F in some tests,
(d) Type B specimens are easier to make than type A specimens.

A few check tests at A = 0,67 indicated that rupture data procured on
the type B specimens are in:agreement with data on type A specimensa.

All specimens were longitudinally polished using an abrasive belt
method, Specimens of Vitallium and S=590 were macﬁined and finished in a
specially developed contour block belt polisher as explained in reference (2)
and N-155 specimens were prepared by a eomewhat similar method by the

University of Michigan es explained in reference (3).
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V. TEST MATERIALS

Date on the following three test materials are reported in this

paper:

(a) S8-590, Alleggeny Ludlum Heat 42198, water auenched from 2250°F.
aged at 1400 F for 16 hours, and furnace cooled.

(b) Vitallium, Haynes Stellite Heat 573. precision cast, aged at 1350°F
for 50 hours and furnace cooled.

(c) N-155%, Univegsal Cyclops Heat A-1726, water quenched from 2200°F,
aged at 1400 F for 16 hours, and air cooled.

Additional metallurgical details and photonicrographe are given in
reference (2) for the first two materials and in reference (3) for N-155.

VI.TEST DATA AND DISCUSSION

The primary tyve of dynamic creep, rupture, and durtility data procured
for each of the three materials are indicnted in Tadbles 1 tn 4 and Fig. 7 and
8. The behavior of N-155 shall be discussed first.

Referring to Table 1 for R-155 at 1350°r. a series of approximately
soven tests were performed at each of five strens ratios A at streses levels
to cause failure in from approximately 1 to 5000 hours. Table 1 shows the mean,
alternating, crest (or maximum), and trough (or minimum) strees (see Fig. 1 of
reference (2) for more complete definition of terms) maintained constant during
the 1ife of the specimen. At high stress ratiocs (A = 1.64 and o0) fatigue or
rupture tirme and ductilityare of primary importame and dynamic creep became
relatively unimportsnt (2). Therefore dynamic creep data were not procured at
these high giress ratios. At the lower gtress ratios (A = 0.67, 0.25 and 0)
the rupture time and ductility are still of primary importance in many appli-
cations, but in others static and dynamic creep may govern the desipgn.
Consequently at these Jower stiress ratios the dynamic creep was
measured during the progress of the test (see reference (2) for description
of methods of measurement) and plotted as shown in Fig. 7.

The elonesntion data listed in Table 1 and subseouent tab]e§ are given
as both the uncorrected values and the corrected vanluee, The uncorrected
percent elongation wes determined in the usual way from menasurements of the

length of the broken svecimens matched at the fractured section. The corrected
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percent elongation wrg determined by subtracting from the length measured
above the length of the maximum surface opening at the properly matched
fractured section. This surface opening corrbection is intended to eliminate
purely localiged deformation which occurs during the final separation at the
fracture. At low stress ratios this correction is generally very small whereas
at high stress ratios it generally ouite significant.

The equivalent test section length of the specimen type A shown in
Fig. 6 was calculated to be two inches as explained in reference (1). The
equivalent percent elongation listed in Table 1 for type B specimens, which
hag no straight test section, wng determined by multiplying the corrected
inches elongntion of these specimens bty a constant. Thie conatant was de-
termined experimentally from elongation data procured under identical conditions
on both type A and B specimens (compare specimens JT-11 with J1L-8 and JD-§
with JI-14), It ie recognized that this method of determininz the percent
elongation from inches slongation of the type B specimen is approximate since
the "constant™ relating the two is probobly somewhat dependent on stress
magnitude and stress rntio (since creep is vrobadly not expressivle as a function
of stress to some fixed exponent n). However, it is bdelieved that this approach
is sufficliently accurate to reveal the significant ductility trends discussed
later.

Each of the static and dynamic creep curves shown in Fig. 7 18 based
on spproximately 25 experimental points, now shown for clarity, which generally
had very small scatter, The final reading taken prior to rupture is shown by
the symbol (R), which of course may be considerably less than the total
elongation since in many cases this reading preceeded fracture by hours. The
creep data shown in Mig. 7 are plotted within log-log coordinates to enable
including the creep-~time relationship up-to failure and yet not condenss the
first part of the curve beyond recognition and use. Being a log-log plot,

the customary three stages of creep are not of course recognigable.
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The log-log plot of creep versus time for N-155 at 1500°r is shown

in Iig. 8.
Referring to Figs, 7 and 8 it may be observed that at 135001 the

higher stress ratios generally produce a flatter creep versus log time

curve, but otherwise the shapegof the curves for eaual life a quite similar..
At ISOOOF the increasing stress r=tio does not appear to significantly affect.
slope of the log-log curves. Others observations apparent from Fig. 7 and 8
regnrding the effecte of gtress ratio and stress magnitude will be more
apparent from dérived and reduced curves discussed below,

In order to reveal more clearly the trende in creep 2nd rupture behavior
with temperature, stress, and stress ratio, the data obtoinable from Mg. 7 and
8 are replotted in Pgz. 9 on a mean stress basis, Theee curves show the hours
for rupture, znd hours for 2% and 0.5% creep for various stress ratios A as a
function of mean stress, Alsc shown along the absciesa besides the time scale
are numbers of stress cycles (machine operates at 3600 rpm)s These diagrams
include the data‘on type 4 specimen at stress ratios of 0, 0.25, and 0,67 and
the f2tigue strength of type B specimens at the stress ratio of 2, Reversed
stress fatigue data (mean strese ecquals zero) connot of course be shown in this

diagram, Dynamie creep data were not procured on the type B specimens since
the creep properties become relatively less important than the rupture proper-
ties at the high stress ratios (2). Furthermore, the single fillet type B
specimen are not suitable for nuantitative creep me~surements because of the
indeterminate gage length., They are suitable however for comparative
elongation studies as discussed previously,

A significant observation apparent from Fig. g is smaller (semi-
logarithmic) slopsof the large stress ratio curves (A = O.67»and 2) compared
to thbse for small stress rrtio (A=0 and 0.25). This difference in slope,
which ie larger at 1500°F than at 1350013mean| that even though the allowable

mean stress for short life is consideradly emaller at high stress ratios than
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at low stress ratios, the allowable mean strese for long life (say in the
region of 2000 hours) i{s quite independent of stress ratio in the range from
0 to 1,64, The seme observations may de nade‘regarding creep. These obger~
vations will be discusesed further in connection with the stress range diagrams
presented later,

In order to present still another viewppint and also te permit the
inclusion of reversed strese data, the ruvture and cresp properties are shown
in Mg. 10 as a function of maximum or crest stress during the vibration cycle,
This figure includes data for both the type A and type B specimens, and where

both specimens were tested at the same stress ratio of A = 0,67 the strength
date are in reasonadly good agreement, Here again the high stress ratio curves

have smaller slope than those at low stress ratios, the curves at A =00 being
practically horizgontal. Considering maximum stress as a criterion, the
allowable stress for long 1ife increases with increasing stress ratio. The
same is true for short 1ife for the stress ratios of 0, 0.25, and 0.67.
However, the allowable maximum stress for short 1ife at A = 1,64 and A =0
is substantinlly less that for the smaller stress ratios.

In general the slope trends discussed above are associable with the
primary cause of failure. At small streas ratios where creep and stress
rupture effecte predominate the slopes of these curves are rether large, dut
at high stress ratios which fatigue becoming important the slopes are rather
flet. It should alsn be mentioned that the curves shown in Fig, 10 for the
high atress ratioe of A = 1.64 and Jnfinity are the usually S-N fatigue curves
except that they do not display the usually S-N knee. Therefors, a fatigzue
1init does not appear to exist under these conditions,

Of the vrrious types of dlagrams presented to show rupture and creep
data the stress range disgrams shown in Fig. 11 are prodably the most concise
and revealing. These dlagrame show the combinations of static preload and

alternating stress at 1350° and 1500°F which result in ructure and 2% and 0.5%
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creep in 5, 15, 50 , 150, 500, and 1500 hours., The number of stress cycles

imposed @ring the dynamic test for each of theae lived are 1,07, 3.22. 10.7,
32.2, 107, and 322 millions of cycles, respectively. As mentioned previously
dynamic creep datawere procured over the strese ratio from A = 0 to. 0.67,
whereas rupture data were obtained over the range from A = 0 (horizantal line)

to A =po(vertical line).
Referring to the stress range diarrams for rupture and wvreep of N-155

at 1350o and 1500°r the following obeervations may be made:

(a) In general, emall amplitudes of alternating stress, say up to 35%
of the mean stress, do not greatly affect the life or creep associ-
ated with the mame mean stress applied statically, In fact, the
addition ofamall alternating force to 2 mesn stress may even increase
slightly the 1ife at the corresponding mesn stress, These obser-
vations aTe more epparent at longolives as cmpared to short lives
and at 1500°F as compared to 1350 F,

(b) Since the distamce between curves representing different hours of
14fe indicates the effect of time (or number of drese cycles), the
lower the stress ratio the grenter the effect of time on strength,
Therefore, creep and rupture are much more time-dependent that
fatigue, '

(c) The ratio of reversed stress fatigue strength to static rupture
strength 1is greater at 1500°r than at 1350 F, averaging approximately
1.4 compared to 1.26 for the range of liveg Investigated.

(d) The stress range diasgrams for doth rupture and creep fit a circular
or Gerder's (6) relati onship more closely than the straight line or
modified Goodman relationship. Therefore design on the bagis of the
later twe relationship will be on the conservative side.

A property frequently used by the designer to indicate the ductility of

a material is the percent elongation. Curvee showing percent elongation at
1350°7 and 150001 as a function of mean stress and strers ratios from 0 to
0.67 for type A specimens and from 0.67 to oo for type B specimens are given
in Mg. 12, Although there is crnsiderable scatter in this data, in general
it may be concluded that for most cases the higher the stress ratio the smaller
is the vercent elong~tion., At 1soo°r the mean stress is also an important
variadble in determining percent elongstion) the lower the stress and the
longer the 1ife, the smaller is the percent elongation., However, this stress
magnitude effect decresses with increasing stress ratio; under static conditions

(A = 0) the percent elonsation may increase more than three times with in-

creasing stress level, whereas under partially reversed atress (A = 1.64) the
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percent elongation is practically independent of stress level. At 1350°F
however, stress level 1s quite insignificant in determining percent elon- .
gation; stress ratio is the most significant variabdle.

Figure 13 is an attempt to show the effect of stress ratio on
rercent elongation. Since stress level, or life, may Se a variable under
certain conditions, the data plotted in Fig. 13 is based on a 1if~ of 150
hours. Of ecourse, similar diagrams for other lives can also be mide from
the available data.

vUnder reversed stress conditions, one would expect insignificant
elongation. The data show this %o be reasonably true at 1350°F, but at
1500°F arproximately 2.5% elongation was measured. This may be aue eithar
to the difference in tenslon and compression creep properties or the
inaccuracy of the gap subtraction method used to determine gorrected
elongation.

Although the elongation data diagrammed in Fig., 12 are "corrected"
values, in that they exélude the largest surface gar at the fracture as
explained previously, they still include the effects localized necking
which preceeds fracture. In some resrects the elongation data misht be
more significant if such localized necling effects could be excluded.

PThis can be done by considering the elongation during the first two stages
of creep only, and excluding the third st-ge during which the localized
necking effects oacur. |

In order to procure elongation up to the third stage of creep, the
semilogarithmic creep versus time data shown in Figs. 7 and 8 were replotted
on a linear basis. For bdrevity, these fi;ures are not included in this |
raper. An atterrt was then made to determine the creep up throush the second
stage, up to the start of the third etage, where the creep~time curves cease
to be linear and where necking gonerally commences. H-wever, the end of the

second st~ge of creoep and th~ beginning of the third or final stage is something
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not well defined. Thérefore. in order to define this point more accurately
the following appreach was used.

The second stage of creep was considered to end at the point where

the minimum slope (second stage creep) line intersects a tangent to

the third stage creep line at a point having 504 greater slope than the

second stage creep line.

Although this approach is arbitrary, it did uniauely define a transition.
point and in cases having a distinct beginning to third stage creep insig-
nificant error was observed.

The elongation through the first two stages of creep, detérnined as
explained above, aie diagrammed in Tig. 14 as function of mean stress and
stress ratio. Referring to this figure there appears to be three distin-
quishable sones:

(a) At low mean stresses there is relatively little elongation and

scatter, and stress ratio effects are not distinguishabdle.

(b) At high stress levels consider~bly higher elongnrtion .occurs

and scatter increases pronouncedly without revealing any apparent
stress ratio effects,

(c) The transition zone between these two resions displays a rather
abrupt increase in elongation.
In none of the three zones ie there any evidence of stress ratioc effects
similar to those displayed #n the total elongation diagrams. It eppears
therefore, thai the major effects of stress ratio on total elongation occur
during the third stege of creep, at least for N-155 at stress rztios ranging
from 0 to 0.67.

The two stage elongrtion data plotted in Fig. 14 shows similar
patterns and order of magnitudes for both 1350° and 1500°r. The only
significant differ=nce avparent ie the stresses at which the transition gone
discussed above occurs.

The significance of three zones observed in the two-st-ge elongation
data is not yet clear. It has me$ been poseible as yet to associate thie

elongation behavier with fracture characteristics (4). Other materials

discussed below do not reveal such a pattern
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A discussion of whether or not the two-stage creep data is detter

than total vercent elongation in indicating the "true ductility® of a
materiel is beyond the scope of this paper.
During the reversed stress fatigue testing of N-155 at 1350°r
several interesting observetions were made relating to the damping energy (5)
in the material and the resultant rapid increase in specimen temperature
immediately after the start of the alternating stress. At 436,000 psi this
incresse was 25°F, at + 38,000 pet it was 120°F, and at + 40,000 psi it was
15007. all these temperature increases generally occuring within a minute
after starting the alternating load. Fo significanf temperature incresses
were observable under like conditions at 1500°F. During 1000°F and room
temperature tests, not renorted in this paper,temperature increases as
large as 400°F and 120001. respectively, were observed during the start of
the test. | |
These temperature 1ncrpaseu of course affect teeting techniaues as
related to presetting the furnace at a tempsrature lower than desired tB allow
for the increase caused by alternating force. However, more significamt is
4the Implication of these increases in terms of internal hysteresis damping.
The temperature increases are caused by internal hysteresis damping of the
material, and therefore provide a rough measure of damping energy. The
higher damping at 135001 as compared to 150001. as indicated by these tem-
perature increases, are now being ouantitativoly determined in this rotating
beam test degcrided in reference (5). In this connection, attention 18
directed to damping data given in reference (5) on S-816 at room temperature,
900°F and 1600°F. The peak values at 900°F indicate the possibility that
N-155 may display reducing damping capecity with increasing temperatures
beyond a certsin limit,
Dynamic creep and ruovure data similar to'that present sbove for K-155
were also procured on 5-590 and Vitellium at stress ratios A of 0, 0.25, anﬁ

0.67 and temperatures of 1350°r and 1500°r. However, for brevity only rupture
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and creep versus time diagrams (Figs. 15 and 18). the stress range diagrams
(rigs. 16 and 19) and the ductility curves for S-590 only (Pig. 17) are
presented. Although much of those data were included in reference (2) there
are sufficient new data to Jjustify including of the extended cwves for these
materials in this vaper. The stress range dingram for 2% creep for Vitallium
does not include the rersion at A = 0,67 sihce moat of the Vitallium specimens
failed before attaining thig elongation (2).

The general patterns revealed in Fig. 11 for N-155 and discussed above
are also apparent in the stress range diagrame of Pigs, 16 and 19, No attempt
is made in this paper 4o ;ndertake a comparative evaluation of these materials
since properties other than those considered here, such as corrosion resistance,
thermal shock behavior, fabrication properties, etc. must be considered.
However, it might be stated that Vitallium does display the best dynamic creep
and rupture reaistanca\at low stress ratios and for short lives. However,
time at load affects Vitallium more pronouncedly than the other two materials
(compare slopes in Figs. 9, 15, and 18 or compare distance between curves for
different lives in FPigs. 11, 16, and 19), so that this superiority does not
hold up for long life,

The percent elongation curves shown in Pig. 17 for S-550 are somewhat
different in character than those shown for N-15% in Pigs. 12 and 14, The
separation and change in slope according to stress ratio A is not nearly ae
digtinet at 1500°F for S-590 as for N-155, Furthermors, the creep to third
stage does not display a transition gzone in S~-590 as was observed in N=155,
However, the N-155 pattern is partially followed in that the creep to third
stage does fall approximately on the sare line for all gtress ratios and
increases with increasing stress magnitude. Although the elongation diagrams
for Vitallium are not included in this paper the same peneral observations
can be nadoé the separation of total elongation according to stress ratio is

even less distinct and the creep to third stage is oulte 1ndependen£ of stress
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magnitude and strees ratio in the r»nge investigated.

VII, SUMMARY AND C"NCLUSIONS

Patigue, dynamic creep, rupture, and elongation data, procured with
newly developed direct stress fixtures, are presented for K-155, Vitallium and
8-590 at 1350° and 1500°F.

The dynamic properties of K-~155 were procured at alternating-to-mean
stress ratios ranging from gero (static strese) to infinity (reversed etress
fatigue) and the following observations were made:

(a) At high strese ratios (fntigue range) there is a relative'y snmall
decrease in strength with time or with numdber of cycles, whereas
at low stress ratios (creep and stress ruzture range) the strength
is highly depsndent on time. Thus, although the reversed stress
fatigue strength 1s generslly lower than the stztic rupture

strenzth for relatively short lives, the opposite is generally
true for long duration tests,

(b) In general small amplitudes of alternating stress, say up to 35%
of the mean stress, do not affect 1ife or creep associnted with
the game mean etress avnlied st~tically. In foct, the addition
of gmall alternsting stress to a mean strese may even incresse
slightly the 1ife and decrease the creep at the corresponding
mean strees, These observntions are mgre apparent at long lsves
as compared to short lives and at 1500 F as compared to 1350 F.

(c) The stress range di~grams for both fatigue and stress ruoture and
also for creep fit a circular or Gerber's relationship more
clogely than the straight line or modified Goodman law,

Vitalliom and 8-590 alloy, investigzated in the stress ratio range from

0 to 0,67 displayed general behavior patterns similar to discussed above N-155,

In general, the total elongation to fracture decreases with 1hcreasing
stress ratios, deing practically zero under reversed stress. Although there
{8 consideradla scatter in total elongrtion data, this elongntion increases
with mean stress in all cases except N-155 and Vitallium at 1350°F.

In order to eliminate the confusing effecte of localized necking
during third stage creep and to procure perhaps a better me~sure of %true
ductility,” the elongation during the first two stages of creep waes determinad
and diagramred as a function of mean stress and stress ratio in the range

from O to 0,67. In general there is less scatter in this type of elongation

than in total elongation. Murthermore stress ratio appesars to have little
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influence and data for all stress ratios fall on the same curve. It appears
therefore, that the major effects of stress ratio on total elongation occur
during the third stage of creep, at least in the range of stress ratios from
0 to 0.67.

Although the two-stage elongation increaseggradually with stress
magnd tude from S-590 and 1350°F and 1500°F and Vitallium at 1500°F, 1t is
reasonably constant at all stress for Vitallium at 1350°F. In the cage of
N-155 at both 1350°F and 1500°F, as stress magnitude is increased there is
a uniform and gradual increase in two-stage elongation with very little
scatter followed by a transition zone of rapid increase, and at high stress
a relatively large but reasonably constant elongation is displayed. Relatively
large scatter in two-stage elongation occurs in this high stress region.
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TABLY 1§ TEST DATA FOR N-155 (MA) at 1500° T.

Aprlied Stress-KSI 4 Blongation
Stress Fours to

Specimen| Ratio | Mean Alter. | Crest | Trough Rupture Uncor~ | Cor-

Number A rected | rected
JP-12 0 7.0 0 7.0 7.0 5.9%
JI-5 0 11.0 0 11.0 |11.0 1004.6 11.6 9.1
JE=-5 0 13.0 0 13.0 |13.0 9R.§ 11.7 11.3
JH-10 0 15.0 0 15.0 |15.0 221,2* - 17.0* 16.6*
Jv-8 0 17.5 0 17,5 |17.5 67.2 25,2 24,3
JA-16 0 19.0 0 19.0 | 10,0 b7.9 23.0 27.4
Jo=-6 0 20.0 0 20.0 | 20.0 24,9 34,4 34,1
JB-5 0 22.5 0 22, 22.5 20.7 35.4 36.2
JR-10 0.25 8.8 2.2 11.0 £.6 m117.0 11.1 11.0
JE=-5 0.25 10.0 2.5 12.5 7.5 2790.1 11.9 | 1.3
JF-5 0.25 14,0 3.5 17.5 |10.5 810.9 15.4 14.8
JT-3 0.25 15.2 3.8 19.0 |{11.4 382.3* 9.6* 9.3*
JE-12 0.25 16.8 h,2 21.0 |12.6 209.5 21.3 21.1
J1e5 0.25 19.2 L.8 24,0 |44 83.4 19.9 10.6
JH-21 0.25 22.0 5.5 27.5 |16.5 4.9 30,0 29,7
Ju-4 0.25 2L,0 6.0 30.0 | 18,0 8.0 28,1 27.6
JS-5 0.67 8.0 5.3 13.3 2.7 L066.0 5.9 5.5
JT-11 0.67 12.0 8.0 20,0 4.0 640.,0 10.2 9.6
JN-5 0.67 15.0 | 10.0 25.0 5.0 226.5 15.8 15.2
JD-5 0.67 16.8 | 11.2 28.0 5.6 8s5.1 18.3 17.6
J1-10 0.67 18.6 | 12.4 31.0 6.2 36.3 21.8 21.1
JG-12 0.67 21.0 | 14,0 35.0 7.0 19.7 13.7 13.0
Jv-13 0.67 22,2 | 14.8 37.0 7.0 10.9 19.9 18.5

All srecimens adbove are type A
All specimens below are type B Corrected Elong.
Inches | Equiv.%

J1-8 0.67 12.0 6.0 20.0 4,0 837.5 .057 11,5
JI-14 0.67 16.8 | 11.2 28.0 5.6 125.1 084 16.8
JY-9 1:60L 9.0 | 14.8 23.8 5.8 1273.0
JE=-11 1.64 11.0 | 18.0 29.0 7.0 343.7 .025 5.0
JY-10 1.64 12.0 | 19.7 31.7 7.7 150.0 .037 7.0
JS-13 1.64 13.0 | 21.3 33.3 8.3 50.7 .039 8.0
JW=9 l.04 18,0 | 23,0 37.0 9.0 14,7 .032 6.5
JR-14 1.64 15.0 | 24,6 39.6 9.6 0.4 .029 6.0
IX-9 oc .0 | 21.8 21.8 |21.8 1048.0 ,01% 2.8
Ju-14 o 0| 24,3 24,3 [24.3 536.1
J1-15 ® 0| 24.6 24,6 |[24.6 106.1 017 3.4
JH-15** | o 01| 25.3 25.3 | 25.3 106.9 .012 2.1
JS-14 o 0| 25.3 25.3 [25.3 8.3 .008 1.6

* Thermocourle or other difficulties caused overloading or overheating of
specimen at time indicated, or specimens storped before fallure.
*% Statically loaded for 100 hours at 12,000 Psi prior to dynsmic loading.
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TABLE 2t TEST DATA FOR N-155 (NA) a$ 1350° F.
' Arplied Stress-KSI 4 =longation
Stress Hours
Specimen | Ratio [Mean | Alter.| Crest | Trough to Uncor-~ | Cor-
Number A Rupture rected| rected
J2-16 0 17.5 | 0.0 17.5 | 17.5 3185.0 15 1%
JC-5 0 22.0 | 0.0 22,0 | 22.0 1114.0 17 17
JA-20 0 25.0 | 0,0 25.0 | 25.0 208.0 28 28
JM=22 0 30,0 | 0.0 30.0 | 30.0 58.3 24 21
JY-6 0 35.0 | 0.0 35.0 | 35.0 22.8 31 30
JJ-6 e 4o.0 | 0.0 10,0 | L0.0 4,0 18 17
JQ~5 0.25 |17.5 | 4.4 21.9 | 13.1 3783.0 14 1h
JU=-13 0.25 [19.0 | 4.7 23.7 | 18.2 2683.0 25 25
JG-5 0.25 {23.2 | 5.8 29.0 | 17.b4 682.0 22 21
JF-11 0.25 |25.0 | 6.2 31.2 | 18.7 518.0 20 20
JC=10 0.25 [27.5 | 6.8 3k.3 | 20,7 165.0 24 23
JE-13 0.25 [30.0 | 7.5 7.5 | 22.5 52,2 19 19
JB-13 0.25 |33.0 | 8.2 1.2 | 24,7 27.2 17 17
JN-6 0.25 |37.0 | 9.2 L6.2 | 27.8 7.6 18 18
J-18 0.67 |17.5 |11.7 29.2 5.8 3349.0 8 ?
JX-6 0.67 |17.5 |11.7 29.2 5.8 2821.0 11 11
JD-13 0.67 | 18.0 | 12,0 30.0 6.0 2500aprrox
J1-12 0.67 {19.0 [12.6 31.5 £€.3 2107.0 12 11
JA-19 0.67 | 21.6 |1L.b 36.0 7.2 530,0 7 7
JY-U 0.67 {22.8 |15.2 38.0 7.6 397.0 11 11
JZ2=-20 0.67 | 24,0 |15.0 Lo.0 8.0 303.0 7 6
JM-20 0.67 | 25.0 }16.6 41.6 8.4 109.0 9 8
JP~5 0.67 [ 24.0 |16.0 40.0 8.0 278.0 8 7
JO=1 0.67 {26.0 |17.2 43,3 8.7 60.0 1 13
Jz-19 0.67 | 27.0 |18.0 bs.o 9.0 23.0 8 7
JE-5 0.67 |29.0 119.3 43.3 9.7 11.3 12 11
All] specimens above are type A
All]| specimens below are tyre B Corrected Elong.
JN-5 1.6L | 15.5 25,4 Lo.9 9.9 795.08 Inch  Equiv.%
JW-10 1.64 | 16.0 | 26.2 L2.2 | 10.2 308.0 .012 2.k
JO~9 1.64 | 16,5 |27.1 3.6 | 10.6 67.7 .024 L.8
JP-11 1.64 | 17.0 [27.9 4,9 | 10.9 bhy, 2 024 4.8
JV-15 1.64 18,0 {29.5 47.5 | 11.5 23.5 .040 8.0
JX~10 ® 0 [33.6 33.6 | 33.6 315.* .001 0.2
JJ-10 00 01{35.9 35.9 | 35.9 0.5 Grip Fallure
JT-13 ® 0 {35.6 35.6 | 35.6 0.25 " "
Jo-5 ® 0 |37.9 37.9 | 37.9 0.067 | .001 0.2
JT-14 ® 0 {38.8 38.8 | 38.8 0.033 | .002 0.4
JV-1b o 0 (39.7 39.7 | 9.7 0.017 | .005 1.0
* Test stopped before failure.
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TABLY 3: THST DATA for VITAIIIUM AIIOY at 1500° F and 1350°F
Arplied Stress-ESI 4 Elongation
Stress Test. Hours to
Specimen| Ratio | Mean| Alter | Crest Tgmp. | Rupture Uncor- | Cor-
Number A ) rected rected
v -23 0. 22. 0. 22, 1350 603. L,o 3.0
v 20 0. 37.5| O. 37.5 1350 h3. b 3. 2.9
vV =33 0. Ls, 0. bs, 1350 15.8 4,6 4.3
v =26 0.25 23, 5.75 28.75 1350 747, 5.1 5.0
vV -15 0.2§ 32. 8.1 40.1 1350 167. 3.7 3.6
v -12 0.26 36. 9.3 bs.3 1350 Lo, b 2.5 2.5
vV -1 0.25 Lo, | 10. 50, 1350 34,8 3.k 3.2
vV -1k 0.26 b2, | 10.8 52,8 1350 25, 2.6 2.5
vV 34 0.25 Ls 8| 11.2 56. 1350 12,8 1.5 1.2
v -25 0.66 23, | 15.3 38.3 1350 261. 1.35 1.35
v 22 0.66 27. | 18, us, 1350 185, 1.9 1.9
vV -17 0.66 27. | 15. g, 1350 116. 1.7 1.6
vV -7 0.68 30. | 20.5% 50.5 1350 132, 2.2 2.2
v =10 0.68 | 33. | 22,5 55.5 1350 13199 3 1.6 1.6
v -18 0.68 36. | 2b.4 60,4 1350 13. 1.3 1.0
Y 24 0. 12, | O. 12, 1500 827, 2.15 2.12
vy 22 0. 20. | O, 20. 1500 107. 2.5 2.2
v 19 0. 30. | O 30. 1500 €.7 8.9 8.9
vV =13 0.25 16. | &4 20. 1500 248, 1.9 1.8
Y -6 0.25 20. | s. 25, 1500 109.1 2.9 2.7
YV -5 0.25 2L, | 6. 30, 1500 s4.9 5.3 h.0
vV -4 0.26 24, | 6.2 30.2 1500 13. 1.8 1.2
v -3 0.25 28, | 7.2 35.2 1500 23. 5.5 L.9
vV -9 0.25 32, | 8. Lo, 1500 7.0 L,3 L0
v -16 0.67 15. |10.5 25.5 1500 229, 1.8 1.8
v -8 0.67 18. |12, 30. 1500 149, 1.8 1.7
vy -1 0.68 22.5(15.2 37.7 1500 Lu, 2 2.0 1.8
vV =27 0.67 26. |17.3 3.3 1500 15.0 1.7 1.3
vV -2 0.68 27. |18.2 4s, 2 1500 L3 1.7 1.5
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TABLE 4i TEST DATA for S-500 ALIOY at 15000 F and 1350° ¥

Applied Stress-KSl % Elongation
Stress Test.
Specimen | Ratio | Mean | Alter Creet Temp. | Hours to Uneor- | Cor-
Number A op Rupture rected | rected
R5-11 0 22.0] 0 22.0 1350 1753. 32.8 31.3
R5-2 0 26,0 O 26.0 1350 557. 26.6 26.0
R5-18 0 32,0 O 32.0 1350 60.2 35.4 35.3
R5-1 0 39.0f O 39.0 1350 15.5 25.9 25.5
R5-2L4 .25 20.0| 5.0 25.0 1350 402, 1.9 10.5
R5~25 C.25 24,8 6.2 31.0 1350 L8L, 17.7 16.7
R5-4 0.25 32,0| 8.0 Lo,0 1350 105. 31.6 31.
R5-13 0.25 0.0 10.0 50,0 1350 15.0 25.9 25.5
R5-17 0.67 22.0| 14,6 36.6 1350 1578. 6. A,
R5-29 0.A7 24,0] 16,0 Lo,0 1350 82s, 12, 11.7
R5~7 0.67 30,0 20.0 50.0 1350 6.4 16.0 14,5
R5-14 0.67 33.0| 22.0 55,0 1350 17.6 17.1 16.0
R5-10 0 12.0f © 12.0 1500 5137, 10.0 9.3
R5-8 0 17.0| © 17.0 1500 489, 10.3 9.0
R5-28 0 21.0f O 21.0 1500 104, 28.7 27.2
R5-3 0 27.0| © 27.0 1500 10.4 33.9 33.7
R5-20 0.25 10.0| 2.5 12.5 1500 2900.*
R5-27 0.25 14.0| 3.5 17.5 1500 1847, 13.8 12.9
R§-5 0.25 22.0{ 5.5 27.5 1500 b2.5 32.0 31.4
R5-156 0.25 25.6| 6.4 32,0 1500 11.4 26.7 26.5
R5~-23 0.67 12.0| 8.0 20,0 1500 L119, 6.5 6.3
R5-30 0.67 14.0| 9.3 23.3 1500 1786. 4,2 b,o
R5=9 0.67 22.0] 14.6 36.6 1500 40.0 16.3 14,0
R5-19 0.67 | 24k.0] 16,0 20,0 1500 13.3 25.3 23.6
* Test stupped befors failure.
22
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